The foreign body reaction often interferes with the long-term functionality and performance of implanted biomedical devices through fibrous capsule formation. While many implant modification techniques have been adopted in attempts to control fibrous encapsulation, the outcomes remained sub-optimal. Nanofiber scaffold-mediated RNA interference may serve as an alternative approach through the localized and sustained delivery of siRNA at implant sites. In this study, we investigated the efficacy of siRNA-PCLEEP (poly(caprolactone-co-ethylethylene phosphate) nanofibers in controlling fibrous capsule formation through the down-regulation of Collagen type I (COL1A1) in vitro and in vivo. By encapsulating complexes of COL1A1 siRNA with a transfection reagent (Transit TKO) or cell penetrating peptides (CPPs), CADY or MPG, within the nanofibers (550-650 nm in diameter), a sustained release of siRNA was obtained for at least 28 days (loading efficiency ~ 60-67%). Scaffold-mediated transfection significantly enhanced cellular uptake of oligonucleotides and prolonged in vitro gene silencing duration by at least 2-3 times as compared to conventional bolus delivery of siRNA (14 days vs 5-7 days by bolus delivery). In vivo subcutaneous implantation of siRNA scaffolds revealed a significant decrease in fibrous capsule thickness at weeks 2 and 4 as compared to plain nanofibers (p < 0.05). Taken together, the results demonstrated the efficacy of scaffold-mediated siRNA gene-silencing in providing effective long-term control of fibrous capsule formation.
Introduction
The foreign body reaction (FBR) at the tissue-implant interface frequently elicits inflammation, wound healing responses and tissue fibrosis [1] [2] [3] . In general, monocytes/ macrophages are activated at implant surfaces and modulate local host fibroblast function. This often leads to excessive deposition of collagen matrix around implanted devices, a phenomenon known as fibrous encapsulation [1, 2] . Consequently, the formation of fibrous capsule surrounding implants has limited their applications in the form of glial scarring around neural probes [4] , fibrotic tissue formation surrounding mammary implants [5, 6] , loss of glucose biosensor functionality [7] , and pacemaker failure [8] . While the modification of material surface chemistry/physics [9] [10] [11] [12] and the incorporation of biological factors and proteins [13] [14] [15] [16] [17] have been developed to improve the biocompatibility of implanted devices, several potential drawbacks have also been reported. The use of a hydrogel-type coating, for instance, may display poor adhesion to the substrate, unacceptable mechanical properties for some applications and pose potential safety issues due to the use of chemical cross-linking agents [9, 16] . The administration of antiinflammatory agents, such as dexamethasone, while being able to minimize implantationassociated inflammation, can inhibit endogenous blood vessel growth [17, 18] , thereby decreasing blood circulation surrounding the implant [15] .
An alternative approach is to utilize RNA interference (RNAi) technology. RNAi by smallinterfering RNA (siRNA) delivery has found useful applications in the treatment of cancer [19, 20] and genetic diseases [21, 22] . Its popularity stems from its ability to knockdown virtually any gene of interest, leading to the specific down regulation of the target protein. A potential target for modulating fibrous capsule formation by RNAi is collagen type I, the major component of fibrous tissues [1, 2] . We have previously demonstrated the sustained delivery of siRNA from electrospun poly(caprolactone) [23] and poly(caprolactone-coethylene) (PCLEEP) nanofibers [24] . The encapsulation of siRNAs protected the degradation of these labile molecules over prolonged time periods and enhanced cellular uptake by seeded cells. Nanofiber scaffolds possess similar architecture as the fibrillar components of the native extracellular matrix (ECM). The biomimicking nature of these constructs may provide physical cues to direct cell fate [25, 26] . In addition, nanofiber topography decreased in vivo fibrous capsule formation and enhanced host-implant integration as compared to smooth, non-porous two-dimensional surfaces [27] . We hypothesize that the sustained release of COL1A1 siRNA from these nanofibers would permit further control over in vivo fibrous capsule formation.
Recently, Takahashi et al. [28] demonstrated that delivery of siRNA against mammalian target of rapamycin (mTOR) from poly(ethylene glycol) (PEG)-based hydrogels decreased fibroblast proliferation and type I collagen mRNA expression in vitro. However, in vivo, this platform produced no significant reduction in fibrous capsule thickness and mTOR protein level. In this study, we evaluated the efficacy of COL1A1 siRNA-encapsulated PCLEEP nanofibers in reducing fibrous capsule formation through in vitro and in vivo analyses. Similar to our previous works, the transfection reagent TransIT-TKO, was used to enable efficient cellular uptake. However, in order to resolve cytotoxicity issues related to TKO [24] , cell penetrating peptides (CPPs) were introduced as an alternative for siRNA complexation. CPPs such as MPG and CADY, are natural peptide-based molecules that mediate transfection through the formation of stable non-covalent complexes with nucleic acids, thereby improving intracellular delivery in vitro [29] [30] [31] [32] [33] and in vivo [29, 34, 35] . In addition, CPPs induced less cytotoxicity as compared to cationic lipid-based molecules [36] [37] [38] and cationic polymers [38] [39] [40] . We evaluated the functionality of PCLEEP nanofibers that encapsulated COL1A1 siRNA-CPP complexes. Such siRNA nanofibers may find useful applications as direct implantable scaffolds or surface modifications to improve tissueimplant integration of medical devices.
Materials and methods
Poly (ε-caprolactone-co-ethyl ethylene phosphate) (PCLEEP, M w : 94,000 and M n : 48,000) with 1% ethyl ethylene phosphate (EEP) was synthesized through bulk ring-opening polymerization of ε-caprolactone and EEP as reported previously [41, 42] . Scrambled negative siRNA (denoted as siNEGCy5-labeled oligonucleotides (Cy5-ODN) DEPC-treated PBS (pH 7.4), DEPC-treated Tris-EDTA (TE) buffer (pH 8.0), DEPC-treated water and CPPs (purity > 90%) were purchased from 1 st Base, Singapore. The CPPs, MPGΔ NLS (GALFLGFLGAAGSTMGAWSQPKSKRKV) and CADY (GLWRALWRLLRSLWRLLWRA), were acetylated at their N-terminus and synthesized with a cysteamide group at their C-terminus. Silencer ® COL1A1 siRNA (denoted as siCOL1A1) targeting the human (NM_000088.3) and rat (NM_053304) COL1A1 genes was purchased from Ambion (ID #: s3276), USA. Transfection reagent, TransIT-TKO, was obtained from Mirusbio, USA. RiboGreen ® reagent Quanti-IT™ RiboGreen, TRIzol ® reagent, 40,6-Diamidino-2-phenylindole (DAPI), Oregon Green ® Phalloidin 488 and Alexa Fluor ® 488 donkey anti-goat IgG were purchased from Invitrogen, USA. Ethidium bromide solution and iQ SYBR Green Supermix were purchased from Bio-Rad Laboratories, USA. Goat anti-human collagen type I was purchased from Millipore, USA. Human dermal fibroblasts (HDFs) were purchased from Lonza, Basel, Switzerland. Dulbecco's Modified Eagle's Medium (DMEM) and fetal bovine serum (FBS) were obtained from Hyclone, USA. Penicillin-streptomycin (10 000 U/mL), antibiotic-antimycotic and phosphate buffered saline (PBS, pH 7.4) were purchased from Gibco, Invitrogen, USA. RQ1 RNase-free DNase, and Sensiscript ® RT kit were purchased from Promega, USA, and Qiagen Germany, respectively. Poly (ε-capolactone) (PCL, M w : 65,000), bovine serum albumin (BSA), 2,2,2-trifluoroethanol (TFE, ≥99.0), tetrahydrofuran (THF, ≥99.9), chloroform (≥99.9), dimethyl sulfoxide (DMSO), Triton X-100, 10% formalin and 100% ethanol were obtained from Sigma-Aldrich, USA. Aerrane ® isoflurane was obtained from Baxter Healthcare Corporation, Deerfield, Illinois, USA. Betadine was obtained from The Purdue Frederick Co., Stamford, CT, USA. 0.5% Marcaine solution was obtained from Abbott Laboratories, North Chicago, IL, USA. All chemicals were used as received without any further purification.
Electrospinning of siRNA-encapsulated PCLEEP nanofibers
Plain PCLEEP nanofibers (control group denoted as PCLEEP) and PCLEEP nanofibers encapsulating siRNA/TKO complexes corresponding to a volume ratio of 1/2 (denoted as siNEG/TKO and siCOL1A1/TKO when scrambled negative siRNA and siRNA targeting COL1A1 were added, respectively) were fabricated according to our previous work [24] .
To obtain PCLEEP nanofibers that encapsulated siRNA/CPP complexes, a 20% w/v PCLEEP-TFE solution was prepared. siNEG or siCOL1A1 was reconstituted in RNase free water to obtain a stock solution of 50 µM concentration. Thereafter, 15 µL of siRNA was mixed with either 30 µL, 45 µL or 60 µL of CPP (350 µM of MPG in DEPC-treated water and 370 µM of CADY in 2% DMSO-DEPC-treated water) to obtain volume ratios of 1/2, 1/3 or 1/4 respectively. Thereafter, the mixture was incubated for 20 min and DEPC-treated TE buffer was then added to obtain a final volume of 100 µL. The siRNA/CPP mixture was then added into 500 µL of PCLEEP solution. The uniform siRNA/CPP-polymer mixture was dispensed using a syringe pump (New Era Pump) at a flow rate of 1.5 ml/h through a 21G needle and charged at +12 kV (GAMMA high voltage research, USA) for electrospinning. The polymer supply was set at 12 cm away from the target. A negatively charged stationary aluminum foil (−4 kV, 5 × 5 cm 2 ) was used as the target for randomly-oriented nanofibers.
In order to obtain aligned PCLEEP nanofibers for in vivo studies, the fibers were deposited directly onto a PCL film that was mounted on a grounded rotating target (2500 rpm). The spinning process was carried out at 20-23°C and the humidity was 54-58%. The PCL film was obtained by solvent casting 0.15 g/ml of PCL-chloroform solution overnight, followed by lyophilization for 12 hours to remove any residual solvents. PCLEEP nanofibers that encapsulated complexes of siNEG with MPG or CADY; and siCOL1A1 with MPG or CADY were fabricated and denoted as siNEG/MPG, siNEG/CADY, siCOL1A1/MPG and siCOL1A1/CADY, respectively. Table 1 summarizes all electrospun nanofiber samples that were prepared for this study, along with their notations and processing parameters.
Evaluation of scaffold morphology and ODN distribution
PCLEEP, siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO nanofiber scaffolds were sputter coated with platinum and evaluated by scanning electron microscopy (SEM) (JOEL, JSM-6390LA, Japan) at 5000× magnification. The average fiber diameters were then determined using Image J (NIH, USA) by measuring 100 fibers per sample. In order to evaluate the distribution of siRNA inside PCLEEP nanofibers, Cy5-ODN was used. Briefly, Cy5-ODN-encapsulated (1/4 volume ratio) nanofibers were incubated with 500 µL of complete cell culture medium for 24 h. Thereafter, the scaffolds were washed three times with PBS, mounted onto glass slides using fluoromount and imaged by confocal microscopy (Zeiss, LSM 710 Meta Laser Scanning Confocal Microscope, Germany).
Cell culture
HDFs were cultured in complete medium comprising of DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were maintained in a humidified incubator at 37°C with 5% CO 2 . The HDFs were kept within passage 15 to 30 to ensure similar cellular activity for siRNA transfection.
Optimization of siRNA/CPP complexation ratio
In order to identify the combination of CPPs and siRNA for optimal complexation and cellular uptake, agarose gel-shift assay and visualization of Cy5-ODN uptake by HDFs were conducted. Firstly, stock solutions of MPG (350 µM in DEPC-treated water) and CADY (370 µM in 2% DMSO-DEPC-treated water) were prepared and the siRNA concentration was set at 50 µM. Thereafter, siRNA/CPP molar ratio variation was adopted for typical bolus delivery on glass cover slips (two-dimensional (2D) controls) for ease of comparison with the literature. For scaffold-mediated transfection, volume ratio variation was used for ease of sample preparation during the electrospinning process.
2.4.1 Agarose gel-shift assay-SiNEG/MPG and siNEG/CADY complexes were incubated for 30 min at room temperature in DEPC-treated TE buffer at molar ratios between 1/10 and 1/80 or volume ratios between 1/3 and 1/10. Thereafter, 20 µL of the stable complexes was loaded for agarose gel electrophoresis (1 %wt/vol stained with ethidium bromide), and UV-visualization (ChemiDoc™ XRS, Bio-Rad Laboratories).
Cy5
-ODN uptake by HDFs-Two modes of transfection were used in this studybolus delivery on 2D surface (control) and scaffold-mediated transfection. In the former, HDFs were cultured on glass cover slips and transfected with Cy5-ODN/CPP complexes at a molar ratio of 1/40, 1/60 or 1/80. In the latter, cells were cultured on Cy5-ODN/CPPencapsulated nanofiber scaffolds that comprised of Cy5-ODN/MPG or Cy5-ODN/CADY complexes at a volume ratio 1/2, 1/3 or 1/4. Due to possible photobleaching of Cy5, the scaffolds were not sterilized under UV. Instead, 1% antibiotic-antimycotic solution was added into the culture medium to prevent contamination. In both setups, HDFs were seeded at a density 3.5×10 4 cells/cm 2 in 24-well plates with 500 µL of complete medium for 4 hours prior to transfection. Twenty-four hours after transfection, all samples were fixed with 10% formalin for 30 min at room temperature, permeabilized in 0.3% Triton X-100 for 20 min and stained with DAPI (1:1000) and Oregon Green ® Phalloidin 488 (1:500) for 30 min. The uptake of Cy5-ODN was then observed by confocal microscopy. In order to quantify Cy5-ODN intensity, each individual cell was outlined and Cy5-ODN signal intensity was measured using Image J by measuring 20 cells per sample. The measurement was repeated for 3 samples per group, resulting in a total of 60 cells per group.
Analysis of siRNA release kinetics
The release kinetics studies and the experimental loading efficiency of siRNA were evaluated based on a previous protocol [24] . Scaffolds encapsulating siNEG/MPG (1/4 volume ratio), siNEG/CADY (1/4 volume ratio) and siNEG/TKO (1/2 volume ratio) (average weight = 75 ± 5 mg, n=3) were used in this study and were incubated at 37 °C with shaking speed of 70-90 rpm.
2.6 Evaluation of long-term siRNA gene silencing efficiency by bolus delivery and scaffoldmediated delivery 2.6.1 Bolus delivery of siRNA-One day before transfection, HDFs were plated onto glass cover slips at a density of 5×10 3 cells/cm 2 in 12-well plates with 500 µL of complete medium. Twenty-four hours later, cells were approximately 40-50% confluent. CPP (MPG or CADY) and TKO were used for the transfection of HDFs according to Simeoni et al. [43] and the manufacturer's protocol respectively with slight modifications. For transfection using CPP, a concentration of 20 nM siRNA was complexed with CPP corresponding to a molar ratio of 1/60 for 20 min at room temperature to allow complex formation. DMEM was then added to obtain a total volume of 400 µL and incubated for 10 min. For transfection using TKO, 3 µL of TKO reagent was complexed with 20 nM of siRNA for 20 min at room temperature and DMEM was then added to obtain a final volume of 400 µL. Thereafter, cells were overlaid with 400 µL of siRNA/CPP or siRNA/TKO complexes and incubated at 37 °C for 30 min. 600 µL of complete media was then added into each well to achieve the final transfection volume of 1 mL/well. Forty-eight hours after transfection, the medium was replaced with fresh complete medium and incubated until day 3, day 5 and day 7 with half of the medium changed every 3 days. The negative controls comprised of cells that were treated with siNEG/CPP or siNEG/TKO complexes. Eight wells of cells were pooled for each sample and COL1A1 mRNA expression levels were evaluated by real-time PCR or immunostaining. The entire transfection experiment was repeated 3 times. For glass (control) sample by immunostaining analysis, cells were plated at the same density without transfection and cultured until day 3, day 5 and day 7 with half of the medium changed every 3 days.
Scaffold-mediated transfection-PCLEEP
nanofibers that encapsulated siRNA/ MPG (1/4 volume ratio), siRNA/CADY (1/4 volume ratio) and siRNA/TKO (1/2 volume ratio) were used for scaffold-mediated transfection. The scaffolds (n=8, average weight of 70 mg) were cut to fit the wells of 12-well plates and sterilized under UV for 1 h. HDFs were seeded on the scaffolds at 5×10 3 cells/cm 2 in 1 mL of complete medium. Cells were cultured on the scaffolds for 3, 7 and 14 days with half of the medium changed every 3 days. As the negative controls, cells were cultured on siNEG/MPG (1/4 volume ratio), siNEG/ CADY (1/4 volume ratio) or siNEG/TKO (1/2 volume ratio) scaffolds. At specific time points, cells were harvested for real-time PCR or immunostaining. The entire transfection experiment was repeated 3 times. To prepare PCLEEP (control) samples for immunostaining, cells were seeded onto plain PCLEEP scaffolds at the same density and cultured for 3, 7 and 14 days with half of the medium changed every 3 days.
RNA analysis and real-time RT-PCR
Cells were lysed using TRIzol ® reagent and RQ1 RNase-free DNase was added to the isolated RNA to improve RNA quality. Reverse transcription was carried out using Sensiscript ® RT kit according to manufacturer's protocol. COL1A1 mRNA expression levels were determined by real-time PCR using StepOnePlus™ Real-time PCR systems (Applied Biosystems), with β-actin as the housekeeping gene. The primer sequences for COL1A1 gene were: forward 5′-CAATGCTGCCCTTTCTGCTCCTTT-3′, reverse 5′-ATTGCCTTTGATTGCTGGGCAGAC-3′ and the product size was 125 bp. The primer sequences for β-actin were: forward 5′-GGCACCCAGCACAATGAAGATCAA-3′, reverse 5′-ACTCGTCATACTCCTGCTTGCTGA-3′, and the product size was 134 bp. The real-time PCR condition used was as follows: 3 min at 95 °C, 40 cycles at 95 °C for 15 s, followed by 60 °C for 30 s. Our preliminary studies showed that these two primers had similar amplification efficiencies under the parameters used and therefore the ΔΔCT method was chosen to compare mRNA levels. All results were normalized with respect to the mRNA expression of the corresponding negative controls at each time point. The entire COL1A1 gene silencing experiment was repeated 3 times for each sample.
Immunocytochemistry
Transfected cells were stained at specific time points by COL1A1 antibody. Briefly, samples were washed once in PBS and fixed with 10% formalin solution for 1 h at room temperature. Non-specific sites were blocked three times in PBS with 1% BSA (blocking solution) for 30 min. Cells were incubated overnight with goat anti-collagen type I antibody (1:50) in blocking solution. After washing three times with PBS, immunostaining was revealed by incubation for 2 h with Alexa Fluor ® 488 donkey anti-goat antibody (1:200) in PBS. Nuclei were counterstained with DAPI (1:1000) and the samples were then mounted on glass slides using fluoromount and imaged by confocal microscopy.
2.9
In vivo studies 2.9.1. Surgical implantation-Based on our previous work [27] , aligned electrospun nanofibers minimized host response, enhanced tissue-scaffold integration as compared to randomly oriented nanofibers and elicited a thinner fibrous capsule than 2D film substrates. Therefore, aligned PCLEEP nanofibers were used for scaffold-mediated COL1A1 silencing in vivo. Due to the poor mechanical property along the direction perpendicular to fiber alignment, all nanofibers were supported on a film to ease implantation. The average thickness of PCL film was 70.2 ± 8 µm as evaluated by SEM. All materials were sterilized under UV for 1 h prior to implantation. In addition, since no non-specific knockdown of COL1A1 was observed in HDFs when treated with scrambled siRNA and transfection reagents during our in vitro studies ( Supplementary Fig. 1 ). The scrambled controls were not included in the in vivo experiments.
All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) and NIH Animal Care Guidelines of Case Western Reserve University. Samples of each material (1 × 2 cm 2 ) were implanted subcutaneously, two per animal, in the posterior back areas of female Sprague-Dawley rats (6 to 8 weeks old, Charles Rivers Laboratories, North Wilmington, MA, USA) for 2 and 4 weeks. A total of 3 animals were used for each group at each time point. The animal studies were conducted according to our previous protocol [44] . Briefly, the rats were anesthetized by gaseous mixture of Aerrane ® isoflurane during implantation. Their backs were shaved and cleaned with surgical grade Betadine followed by 100% ethanol. An incision 1.2 cm length was made in the skin about 2 cm above the tail and along the midline. Subcutaneous pockets on both sides of incisions were created by blunt curved forceps and the sterilized material was then introduced through the incision and positioned within the pocket and away from the incision site. The insertion procedure was repeated for the opposite side. The incision was then closed with 9 mm stainless steel surgical wound clips (Becton Dickinson, Spark, MD, USA) and a small amount of 0.5% Marcaine solution was applied onto the incision to minimize post-operative discomfort. The rats were maintained on Purina Rat Chow and water at the Animal Research Facilities of Case Western Reserve University on 12 h light/dark cycles.
2.9.2.
Histological Evaluation-Histological analysis was performed on the explanted tissues at 2 and 4 weeks using a previous protocol [45] . In particular, fibrous capsule measurements were taken in the middle part of the section to reduce artifacts such as the motion effect and end effects. Fibrous capsule thickness and cell infiltration for each section was measured as the average thickness at ten different random locations and was determined as the average thickness of three sections per explant. Three explants were measured for each group. Therefore, ninety measurements were determined in each group at each time point. The stained sections were visualized using light microscopy (Olympus,
Statistics
All quantitative values were expressed as a mean ± standard error (SE) of the mean. Statistical comparisons for fiber diameter, siRNA release kinetics and silencing efficiency were performed using one-way ANOVA and Tukey post-hoc tests after verifying equal variances otherwise non-parametric test was used for unequal variances. The student's t-test was used for statistical comparisons involving 2 samples. P < 0.05 was considered statistically significant.
Results

Optimization of siRNA/CPP complexes
In order to evaluate the stability of the siRNA/CPP complexes, agarose gel-shift assay was conducted. As indicated in Fig. 1a , siRNA bands were detected when the molar ratios were less than or equal to 1/10 and 1/20 for CADY and MPG respectively, indicating the presence of uncomplexed siRNA. As shown in Fig. 1b , free siRNA was not detected at volume ratios ≥ 1/3. These results suggested that above these molar and volume ratios, all siRNA molecules are completely entrapped in CPP complexes through electrostatic interactions. Therefore, molar ratio ≥ 1/40 and volume ratio ≥ 1/3 were used in subsequent experiments.
Morphology of siRNA/CPP-and siRNA/TKO-encapsulated nanofibers
As shown in Fig. 2a-b and Supplementary Fig. 2 , randomly-oriented and aligned PCLEEP nanofibers with uniform diameters were obtained. The average diameters of randomlyoriented PCLEEP, siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO nanofibers were 652 ± 16 nm, 649 ± 8 nm, 636 ± 11 nm and 631 ± 14 nm, respectively, with no significant difference. Comparatively, significantly smaller fiber diameters were observed for aligned nanofibers (554 ± 14 nm, 560 ± 23 nm, 570 ± 20 nm and 563 ± 15 nm for PCLEEP, siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO nanofibers, respectively, p < 0.05), likely due to the mechanical stretching that was imparted during the fiber alignment process. As shown in Fig. 2c , Cy5-ODN signals were detected along the polymer fibers even after 24 h incubation in culture medium and multiple washes in PBS. This indicated that the ODN/CPP complexes were successfully encapsulated within the nanofibers.
Cellular uptake of Cy5-ODN uptake by bolus delivery and scaffold-mediated transfection
In order to determine the ideal amount of CPP for optimal cellular uptake of oligonucleotides (ODN), Cy5-ODN was used as the model oligonucleotide for visualization. Fig. 3a -f and 3g -l illustrate the extent of cellular uptake of Cy5-ODN by bolus delivery and scaffold-mediated transfection, respectively. As demonstrated in Fig. 3(a-f) , bolus delivery resulted in Cy5-ODN aggregates within HDFs. In addition, Cy5-ODN uptake varied with siRNA/CPP molar ratio. Within the range analyzed, 1/60 appeared to be the optimal molar ratio for transfection via bolus delivery of CADY and MPG (Fig. 3m) , and was thus used for all subsequent experiments. At all molar ratios, CADY consistently enhanced cellular uptake as compared to MPG (p < 0.05).
As compared to bolus delivery, scaffold-mediated transfection significantly enhanced cellular uptake (Fig 3m, p < 0.05) . Cy5-ODN signals appeared diffused in HDFs that underwent scaffold-mediated transfection (Fig. 3g-l) . No significant difference was observed between CADY and MPG. Since a general increase in Cy5-ODN uptake was observed as siRNA/CPP volume ratio increased, the volume of 1/4 was used for all subsequent analyses.
Release kinetics of siRNA
Sustained release of siRNA was detected for up to 28 days after initial burst release upon immersion into PBS at time, t = 0 (Fig. 4) . No significant difference was detected among samples at t = 0. However, at t = 24 h, the release of siRNA from siNEG/MPG, siNEG/ CADY and siNEG/TKO nanofibers were significantly different (66.8 ± 2%, 76.6 ± 1% and 46.8 ± 1%, p < 0.05 respectively). In terms of concentrations, these values were equivalent to 5.02 nM, 5.75 nM and 3.76 nM, respectively. At day 49, the total amount of siRNA that was released from siNEG/MPG and siNEG/CADY were 90.1 ± 3% and 92.1 ± 2% respectively. Comparatively, siNEG/TKO nanofibers released the lowest amount of siRNA throughout the period of study (80.6 ± 2% at 49 days). The experimental loading efficiencies for siRNA/MPG, siRNA/CADY and siRNA/TKO samples were 65.8 ± 3%, 67.2 ± 4% and 60.4 ± 2%, respectively, suggesting that CPP and TKO complexation did not significantly alter the loading efficiency of siRNA.
Long-term gene silencing efficiency by bolus delivery and scaffold-mediated transfection
Bolus delivery of siCOL1A1 complexes significantly decreased COL1A1 expression (Fig.  5a ). At day 3, gene knockdown efficiencies of ~ 19.4%, 39.0% and 81.3% were detected for siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO samples, respectively, and the results were significant as compared to the respective negative controls. By day 5, COL1A1 expression level returned to normal for the siCOL1A1/MPG sample while siCOL1A1/ CADY and siCOL1A1/TKO samples displayed normal levels of COL1A1 by day 7. At each time point, the silencing efficiencies demonstrated a similar trend: TKO > CADY > MPG, p < 0.05. This trend was similarly reflected at the protein level as demonstrated by immunofluorescence staining (Fig. 5b) . Fig. 5c shows COL1A1 knockdown in cells seeded directly on siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO nanofiber scaffolds. Significant down-regulation of COL1A1 gene expression was observed at day 7 as compared to the respective negative controls. No significant difference was detected between all samples. At day 14, the silencing efficiencies were significantly higher as compared to day 7 with 26.7%, 46.7% and 50.5% silencing observed for siCOL1A1/MPG, siCOL1A1/CADY and siCOL1A1/TKO samples, respectively. In general, the silencing efficiency followed the trend: TKO ~ CADY > MPG, p < 0.05. This trend was similarly reflected at the protein level as demonstrated by immunofluorescence staining (Fig. 5d ).
In vivo evaluation of fibrous capsule formation and cellular infiltration
For all scaffolds, no acute or chronic inflammation or necrosis that was indicative of toxicity was identified at any of the time periods as shown in Supplementary Fig. 3 . High magnification histological evaluation (data not shown) also revealed no signs of toxicity. At each time period, the tissue response at the interface was similar for all samples and no significant difference in the resolution of the inflammatory response and development of granulation tissue and fibrous capsule was observed as expected for a biocompatible (nontoxic) material scaffold. Fig. 6 and Supplementary Fig. 3 show the histology tissue sections. In general, the large film thicknesses reflected in the sections are mainly due to the delamination of tissues and artifacts that were introduced during the tissue sectioning process. As indicated by Masson's Trichrome staining in blue, thicker collagen deposition was found at the interface between tissues and the supporting film, as compared to nanofiber surfaces. Detailed quantitative comparisons at weeks 2 and 4 ( Fig. 6e) showed that significantly thicker fibrous capsule was formed around plain PCLEEP nanofibers as compared to siCOL1A1/CADY and siCOL1A1/ TKO scaffolds (Fig. 6e , p < 0.05). No significant difference was observed between CADY and TKO samples. Comparing the results between weeks 2 and 4, a significant decrease in fibrous capsule thickness was observed for siCOL1A1/CADY and siCOL1A1/TKO samples. In general, the overall decrease in fibrous capsule thickness profile could be ranked as: TKO ~ CADY > MPG ~ PCLEEP.
As shown in Fig. 6f and Supplementary Fig. 3 , cell infiltration into aligned nanofibrous scaffolds was similar amongst samples and was approximately 20-40% after 2 weeks. This trend remained constant up to week 4. As anticipated, cell infiltration was not observed at the film interface ( Fig. 6 and Supplementary Fig. 3 ) after 4 weeks post-implantation.
Discussion
Fibrous capsule formation is associated with elevated proliferation and activation of fibroblasts that up-regulate collagen production in tissues surrounding implanted materials. While many implant modification techniques have been adopted in attempt to reduce fibrous capsule formation [9] [10] [11] [12] [13] [14] [15] [16] , the outcomes remained sub-optimal [9, [16] [17] [18] . Since collagen type I is the major component of fibrous capsules, we hypothesized that the silencing of collagen type I expression would allow regulation of fibrous encapsulation. Extending from our previous work, where nanofiber topography enhanced host-implant integration and decreased fibrous capsule formation as compared to smooth nonporous film surfaces [27] , we incorporated RNA interference capability into these fibers via siRNA encapsulation. The incorporation of siRNA within nanofibers protects these labile molecules from biodegradation while allowing localized and sustained availability of siRNA to seeded cells. Fabricated by the versatile electrospinning technique, these nanofiber constructs may serve as direct implantable scaffolds [46] [47] [48] or as a surface modification approach to enhance host-implant integration of medical devices [3, 27, 49] . In practical applications, siRNAencapsulated nanofibers may be wrapped or coated onto medical devices in order to control fibrous capsule formation surrounding the implants. The modification of device surfaces by coating with nanofibers has also been reported by Ravichandran et al. [50] and Yang et al. [51] . Coating Ti surfaces with poly(lactic-co-glycolic acid) (PLGA)/collagen nanofibers resulted in the enhanced proliferation, differentiation and mineralization of human mesenchymal stem cells [50] . Deposition of conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) onto neural electrodes also elicited favorable biological response from SHSY5Y human neuroblastoma lines towards the material interface [51] . Since PCLEEP has demonstrated low cytotoxicity and good biocompatibility [46] , the siRNA nanofibers may help in improving functionality and biocompatibility of implants.
For effective gene knockdown, siRNA must be translocated across cellular membranes upon release from nanofibers. However, common transfection agents such as Lipofectamine 2000 and TransIT TKO, while able to facilitate cellular internalization of siRNA, often induced cytotoxicity [36] [37] [38] . As reported by Andersen et al. [38] , transfection of TransIT-TKO/ siRNA complexes into H1299 human lung carcinoma cells produced a high cell mortality (only 60% of cells were viable after transfection). Similar findings were also reported in our previous work [23, 24] . In contrast, CPPs, such as MPG and CADY, promoted in vitro and in vivo cellular uptake of a variety of macromolecules including proteins, peptides and oligonucleotides with less cytotoxicity [30, 31] . Crombez et al., [31] reported that siRNA/ CADY complexes (molar ratios from 1/20 to 1/80) did not affect the viability of human osteosarcoma cells (U 2 OS) after 24 h transfection, as demonstrated by MTT assay. Similarly, our results showed that transfection of siCOL1A1 using MPG or CADY appeared to produce significantly higher cell viability than using TKO (p < 0.05, Live/Dead and WST-1 assay, Supplementary Fig. 4 ).
As a starting step to encapsulate siRNA/CPP within electrospun nanofibers, the stability of the complexes was first evaluated. Although the agarose gel shift assay indicated the formation of stable siRNA/CPP complexes at molar ratios ≥ 1/40, optimal cellular uptake was achieved only at molar ratio 1/60 via bolus delivery. In the case of CADY, this trend also translated to gene knockdown efficiency (Supplementary Fig 5) . The lack of enhancement in silencing efficiency above a 1/60 molar ratio of siRNA/CADY may be due to the aggregation and formation of large complex particles that result in poor cellular uptake [31] . In the case of MPG complexation, no significant difference in silencing effect was seen at all molar ratios ( Supplementary Fig. 5 ). It is possible that unstable complex formation (lane 3 and 4, Fig. 1a ) and degradation by nucleases [52] may have occurred.
Randomly oriented and aligned nanofibers that encapsulated siRNA complexes were successfully fabricated by electrospinning. The encapsulation of siRNA complexes into nanofibers was less than 100%, likely due to the partial loss of biomolecules during the electrospinning process. Such occurrences were also seen in other studies [23, 24] . Among scaffolds with similar fiber orientation, the average diameters of the samples were not significantly different regardless of the types of siRNA complexes present. This is likely due to the low amounts of siRNA used. The similar fiber diameters helped eliminate fiber size effect on in vitro and in vivo cellular response. Similar to our previous observations [24] , the encapsulation of siRNA/CPP or siRNA/TKO within PCLEEP fibers resulted in initial burst releases of siRNA. This phenomenon is likely attributed to siRNA that was located on the surface of the nanofibers, since uniform PCLEEP-siRNA mixtures were electrospun. Comparatively, the burst releases of siRNA/CPP complexes were similar to naked siRNA encapsulation [24] and were significantly higher than siRNA/TKO complexes. Correspondingly, the rate and amount of siRNA/TKO complexes that was released were lower as compared to siRNA/CPP complexes. One possible reason may be the enhanced hydrophilicity of CPPs vs. TKO. As compared to naked siRNA [24] , the experimental loading efficiencies of siRNA/CPP and siRNA/TKO complexes within PCLEEP were similar. However, the total amount of siRNA that was being released by day 49 was significantly lower in the siRNA/TKO samples.
Since fibroblasts are the major contributors to collagen secretion and in vivo fibrous capsule formation, in vitro gene silencing was first evaluated using fibroblast culture. Although the in vitro release of siRNA was detected after 24 hours (Fig. 4) , the significant down regulation of COL1A1 gene expression was observed at day 3 for bolus delivery and at day 7 for scaffold-mediated delivery ( Fig. 5a and 5c ). It is possible that the accumulation of siRNA above the threshold concentration for effective gene knockdown requires several days after delivery starts [51] . As compared to bolus delivery, scaffold-mediated transfection significantly enhanced cellular uptake despite significantly lower amounts of siRNA released as indicated by the release profiles (5 nM and 5.75 nM for MPG and CADY samples at day 1 respectively (Fig. 4) vs. 20 nM per well by bolus delivery). This is likely due to the increased local availability of ODN as cells were in direct contact with the scaffolds [23] . Bolus delivery of siRNA complexes led to transient gene silencing of 5-7 days only. Any requirement for prolonged silencing effect would necessitate multiple subsequent transfections. In contrast, scaffold-mediated transfection prolonged in vitro gene silencing duration by at least 2-3 times. Such prolonged and enhanced transfection efficiency by scaffolds is likely due to the sustained release and localized concentration of siRNA to cells. Similar findings were also observed previously [53, 54] . The coencapsulation of siCOL1A1 and CADY within PCLEEP fibers resulted in similar COL1A1 knockdown as compared to siCOL1A1/TKO complexes. Combined with the more efficient sustained release of siRNA/CADY vs. siRNA/TKO, the delivery of siRNA/CADY complexes appeared more advantageous. In addition, the results also demonstrated the efficacy of siRNA encapsulated nanofibers in providing effective long-term gene silencing as compared to the conventional bolus delivery to 2D cultures.
The efficacy of scaffold-mediated gene silencing in modulating fibrous capsule formation was then verified in vivo. Similar to our previous finding [27] nanofibers decreased fibrous capsule formation as compared to the smooth surface of a film. It appears that scaffolds with lower porosity are more likely to induce dense fibrous capsule formation, so the thickness of the fibrous capsule can be greatly reduced when implants are more porous [10, 55, 56] . Since the fiber diameter of PCLEEP in this study was similar to PCL nanofibers [27] , the porosity (~83%) would not be expected to differ significantly as well.
Attempts to modulate collagen expression in fibroblasts by gene knockdown were also made previously. Shegogue et al. and Takahashi et al. demonstrated that in vitro inhibition of mTOR in fibroblasts influenced cell proliferation and collagen type I production [28, 57] . However, despite the success in in vitro gene knockdown, the introduction of mTOR siRNA in vivo using PEG-based hydrogels failed to demonstrate significant reduction in protein knockdown and fibrous capsule thickness after 2 weeks [28] . In contrast, our results demonstrate a significant decrease in fibrous capsule thickness in response to CADY-and TKO-mediated delivery of siCOL1A1 at weeks 2 and 4 as compared to PCLEEP samples. Specifically, the reduction of fibrous capsule thickness at week 4 was 50.5% and 61.9% for CADY and TKO as compared to PCLEEP samples, respectively (Fig.6e) . The in vivo knockdown efficiency of CADY and TKO as compared to MPG agreed with our in vitro results. Collectively, the results indicated the potential of scaffold-mediated gene-silencing for long term control of in vivo fibrous capsule formation. It is noted that a significant decrease in fibrous capsule thickness was observed between weeks 2 and 4 for all samples. We believe that this is likely associated with the normal wound healing process, where an increase in density of fibrous capsule is sometimes observed as collagen type III remodels into collagen type I in mature fibrosis [56] . Although collagen type I is the major component of fibrous capsules, collagen type III and type V may also be present. Therefore, future incorporation of multiple siRNAs into nanofibers for controlling these collagens might be an alternative approach to be more effective in preventing fibrous capsule formation. Future experiments to measure the in vivo siRNA release profile and to evaluate the in vivo efficiency of COL1A1 silencing with respect to endogenous expression would also be conducted to provide informative assessment on the applicability of this gene-silencing platform.
Cell infiltration into the scaffolds is essential for a range of tissue-engineering applications. Contrary to the lack of in vitro cell infiltration that is frequently reported in electrospun scaffolds [58] , we observed a degree of cell infiltration into PCLEEP nanofiber scaffolds. Such cell infiltration was also observed in our previous study [27] . However, in the latter case, complete cell infiltration was seen as early as 1-week post implantation. It is possible that variations in chemistry and hydrophilicity of the polymers may have contributed to the difference in cell infiltration [59, 60] . However, the exact reasons remain to be elucidated with further detailed studies. In addition, no significant difference in cell infiltration was observed for siCOL1A/CPP, siCOL1A1/TKO and PCLEEP samples. This suggested that siRNA, CPP and TKO molecules did not alter tissue-scaffold integration.
Conclusion
This paper demonstrates 'proof of concept' of the reduction in fibrous capsule thickness through the down-regulation of collagen type I and the feasibility of delivering siCOL1A1 and CPP complexes within nanofiber constructs for scaffold-mediated long-term gene silencing applications. By encapsulating siRNA/CPP complexes within PCLEEP fibers, a sustained release of siRNA was obtained for at least 28 days. In contrast to conventional bolus delivery of siRNA, the sustained availability of siRNA from nanofibers prolonged in vitro silencing of collagen type I production by 2-3 times. In addition, a significant decrease in in vivo fibrous capsule formation was observed around siCOL1A1/CADY and siCOL1A1/TKO samples at weeks 2 and 4. Such combination of gene-silencing approach with biomimicking nanofibers may find useful applications in regenerative medicine for controlling fibrous capsule formation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. SEM images of siCOL1A1/CADY-encapsulated PCLEEP nanofibers with (a) random, (b) aligned orientations and (c) distribution of Cy5-ODN (red color) from Cy5-ODN/CADY complexes within nanofibers, depicting uniform and bead-free fibers. In vitro release kinetics of siRNA/MPG, siRNA/CADY, and siRNA/TKO complexes from PCLEEP nanofibers as observed in PBS at 37 °C. 
